Results of a study of dispersive Alfvén modes propagating outward from the Sun in streaming inhomogeneous plasma are presented for the inner heliosphere (1 AU) region. The results clearly show that a combination of nonlinear wave-particle and wave-wave interactions of outward-only Alfvén modes initially propagating along the local background magnetic field is perfectly capable of explaining the prevalence of turbulent energy in perpendicular (k^) scales over energy contained in scales propagating parallel (k  ) to the local magnetic field perturbations observed in the solar wind. The currently agreed on explanation for this anisotropy, as well as for the scale dependence of wave energy spectra, involves various nonlinear models of imbalanced incompressible MHD turbulence that require a mixture of inward and outward propagating waves to fuel a nonlinear cascade of energy into the k^spectrum. The presented approach, for the first time, bridges a gap between week and strong turbulence theories-the interplay of wave-particle and wave-wave processes allows us to obtain strong turbulence scalings from seemingly week turbulence wave resonances. The reported results have a major implication on the current theories of solar wind turbulence and may require a complete overhaul of the state-of-the-art turbulence paradigm, including reassessment and reevaluation of the magnitude and directions (outward  inward; k k   ) of the turbulent cascades that are necessary to explain the observations.
INTRODUCTION
In contrast to the isotropic nature of fluid turbulence, where fluctuation spectra usually evolve with a single power of a wave vector independently of the direction of propagation (Kolmogorov 1941) , it has been known for a long time that both magnetic field and velocity fluctuations in the solar wind turbulence demonstrate different correlation properties depending on the propagation angle relative to the background magnetic field (Crooker et al. 1982; Matthaeus et al. 1990; Bieber et al. 1996) . Several recent comprehensive analyses of both the anisotropic power and scaling of magnetic field fluctuations demonstrated that the magnetic field fluctuation power is mostly concentrated in the wave vectors at large angles to the local background magnetic field and scales with the wavenumber as k .
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The energy contained in the fieldaligned or parallel propagating modes is not only smaller, but it usually has different wavenumber scaling dependence with a steeper decline as k 2 - (Horbury et al. 2008; Podesta 2009; Wicks et al. 2010 Wicks et al. , 2011 .
To provide an explanation for observed frequency/wavenumber scaling of fluctuation energy spectra in the presence of strong background magnetic field, a number of theories have been developed using various modifications (or some kind of restricted closures) of incompressible MHD (Iroshnikov 1963; Kraichnan 1965; Montgomery & Turner 1981; Goldreich & Sridhar 1995; Boldyrev 2006; Schekochihin et al. 2009 ). Although the original Iroshnikov-Kraichnan theory of hydromagnetic turbulence (Iroshnikov 1963; Kraichnan 1965) provided only isotropic scaling, detection of anisotropies of fluctuations, both in laboratory and in space plasmas, was quickly followed by a series of fixes and adjustments that produced what was thought to be required preferential treatment of the perpendicular cascade. An important consequence of underlying incompressibility for all these models is the requirement of the mixture of outward and inward modes (preferably of equal intensity, i.e., balanced) to obtain energy flow from large to small scales in the inertial range. This is a rather unfortunate consequence for the solar wind turbulence, as the intensity of outward modes in the solar wind is significantly higher (at least in the inner heliosphere). Hence, a theory that takes into account this imbalance of energies of fluctuations propagating in the opposite direction is required. The seminal work by Tu et al. (1984) introduced the first MHD-based model that does not require an equal amount of inward and outward modes to explain the evolution of the solar wind turbulence. The model handcrafted the energy flux across the frequency range using phenomenological scaling arguments and obtained relatively close agreement for the frequency spectra with Helios observations. However, the difference between scales of parallel and perpendicular fluctuations was not introduced in the Tu et al. (1984) model; therefore, it cannot be used to explain the solar wind anisotropy. The development of imbalanced anisotropic turbulent scaling still is not finalized, with some theories, numerical simulations, and experimental observations clearly showing disagreements (Bruno & Bavassano 1991; Lithwick & Goldreich 2003; Lithwick et al. 2007; Beresnyak & Lazarian 2009; Perez & Boldyrev 2010) .
In this Letter, we claim that the purely outward propagating Alfvén modes are sufficient to explain the observed properties of the solar wind turbulence, and no inward propagating waves are required. Our approach is based on a series of resonant wave-particle and wave-wave interactions experienced by the shear Alfvén wave propagating parallel to the non-uniform external magnetic field in streaming inhomogeneous nonMaxwellian plasma. The process starts with frequency sweeping of outward waves through the resonant waveparticle interaction that forms a shell-like distribution for ions and protons of the solar wind. These shell-like distributions are unstable and can generate obliquely propagating, kinetically modified (by the finite ion Larmor radius effect) ion-acoustic modes. Finally, the parametric wave-wave interaction between those kinetic ion-acoustic modes (KIAW) and the original shear Alfvén waves produces almost perpendicular kinetic Alfvén modes (KAW) that are also heavily influenced by the finite ion Larmor radius at the perpendicular KAW scales. Our approach is based on a scale separation between the length scales of wave-particle and wave-wave interactions and the magnetic field/plasma inhomogeneity (Galinsky & Shevchenko 2000 , 2013a , 2013b Shevchenko et al. 2004) and assumes that both wave-particle and wave-wave energy exchange happens much faster than the global spatial-temporal evolution of the expanding solar wind.
This approach, for the first time, outlines the way to obtain expressions for the parallel and perpendicular power spectra of the solar wind turbulence that are true analytical solutions of the dynamical equations, rather than based on phenomenological scaling arguments of dimensional analysis first employed by Kolmogorov in hydrodynamics (Kolmogorov 1941) and widely reused for magnetized fluids (including the solar wind) soon afterward (Iroshnikov 1963; Kraichnan 1965; Montgomery & Turner 1981; Goldreich & Sridhar 1995; Boldyrev 2006; Schekochihin et al. 2009 ). What is equally important, with this approach, we can explain not only the global properties of the wave turbulence in the solar wind as a function of distance and wave mode number/direction, but we also can correctly identify some strange peculiarities of the wave spectra, e.g., the rather unexpected local peak of parallel wave energy right before the dissipation range (Podesta 2009; Wicks et al. 2010 Wicks et al. , 2011 ).
METHODS
For the global evolution in inhomogeneous expanding plasma, we follow wave packets with ray-tracing equations (Haselgrove 1957; Haselgrove & Haselgrove 1960) 
Here, B  is the magnetic field at the Sun's surface, W  is the Sun's rotational frequency, and v j is the jʼs component of the radial solar wind speed v r . The curvilinear coordinates used in the ray-tracing equations are defined as the spiral coordinates,
where r, θ, and f are the spherical coordinate system. These coordinates are similar to logarithmic spiral coordinates reported in Campos & Gil (1995) . The coordinates α and β are not orthogonal; hence, we have to use the general expressions for the covariant g ij and the contravariant g 
The spiral oblique basis vectors e , a e b , and e g can be expressed through the spherical basis vectors e , r e q , and e f as 
where the first vector e a is directed along the magnetic field direction of Parker's spiral (4). The usual cold plasma dispersion relation (Stix 1992 ) is used for global evolution:
where L is the cold plasma dielectric tensor that can be expressed using the plasma ( n q m 4 Galinsky & Shevchenko (2000 , 2013a , 2013b , we assume that at global scales the evolution of the wave packet action x k W , , ( ) w just follows the wave action flux conservation, i.e., the wave action flux along the path of the wave packet is divergence free:
For small frequencies, integrating this equation is equivalent to the WKB approximation and allows us to effectively link any wave packet to its origin, either at the Sun's surface or at the surface of Alfvénic sphere, i.e., the region where the Alfvén speed (to be precise, the radial component of the wave group speed) becomes equal to the solar wind speed. This procedure is able to reconstruct the complete angular-frequency distribution (hence, power spectra) for all frequencies below the smallest ion-cyclotron frequency encountered along the wave packet path, typically around 1-10·10 −2 Hz in the laboratory frame at 1 AU. For larger frequencies, the wave packet will inevitably encounter the region with ion-cyclotron resonance somewhere along its path. Packets with higher frequencies will be scattered at resonances close to the Sun, e.g., 7.5 Hz packets shown in Figure 1 that are seeing the resonance at around R 15  . The lower frequencies will see the resonance farther away.
To analyze the behavior of wave packets at those frequencies, we need to apply the method of nonlinear cyclotron resonant wave-particle interaction in a nonuniform magnetic field (Galinsky & Shevchenko 2000 , 2013a , 2013b . Although the method was originally formulated in an inhomogeneous, but straight, magnetic field directed along the z coordinate, the introduction of curvilinear Parker's spiral coordinates (5) here allows for easy adaptation of the approach.
The change of the radially divergent magnetic field to a slightly curved one will of course produce some quantitative deviation, especially during numerical integration, but the overall qualitative picture of the physical process will still be the same. On the wave power spectrum, the relaxation front will advance from large to small frequencies as wave packets propagate farther away from the Sun, converting an incident spectrum into a k 2 - spectrum formed at the ion-cyclotron sweeping process. Thus, the sweeping process describes the radial evolution of the spectral break observed in the high frequency range of the solar wind power spectrum. The first experimental observation of the frequency shift of the spectral break during the wind expansion has been obtained recently (Bruno & Trenchi 2014) .
However, the ion-cyclotron sweeping predicts not only the overall exponent of the parallel power spectra, the fine structure of parallel fluctuations seems to be also described rather well. The macroscale (or secondary) instability (Galinsky & Shevchenko 2000 , 2013a , 2013b of the shell distribution formed as a result of the ion-cyclotron sweeping can effectively generate parallel fluctuations that appear as a peak in a high-frequency/large wavenumber part of the spectrum. Figure 2 shows the results of a wavelet analysis of the Ulysses fast polar solar wind observations used by Wicks et al. (2010 Wicks et al. ( , 2011 to study the anisotropy of the entire inertial range of turbulence with respect to the local mean magnetic field (the data from observations are shown by markers of various forms and colors for five heliospheric distances from 1.48 to 2.77 AU). The three lines in Figure 2 represent spectra of parallel fluctuations obtained by the sweeping. Although the spectra have been obtained for smaller distances, they were rescaled as shown in the figure to have the same dimensionless amplitude (P 2.5 10 C
1´-
) and the same dissipation range at k 1, i rw here the local proton gyroscale ρ i has been used for each distance. Similar to the results of observations, the sweeping results show the appearance of a bump at all distances. In addition, a small dip at larger distances is also evident both in observations and in ion-cyclotron sweeping.
An important addition to the ion-cyclotron sweeping that happens in the parallel scales is the wave-wave interaction that can produce perpendicular scales. Decay of a shear Alfvén wave into two daughter waves has been studied (Galeev & Oraevskii 1963; Lyubchyk & Voitenko 2014; Zhao et al. 2014 ). However, shell formation due to sweeping is a rather important update as it explicitly favors one of the decay routes and renders equilibrium (Maxwellian) decay rates as not directly applicable to the expanding solar wind plasma.
It is easy to show that the shell distribution formed by sweeping of parallel (or oblique) shear Alfvén waves is not stable and will generate even more oblique kinetically modified ion-acoustic modes. To illustrate this, we will use a simple Hall-MHD expression for the dispersion relation of lowfrequency modes that describes ion-acoustic (slow MHD), shear Alfvén (intermediate), and fast MHD modes, but also includes the coupling between them, hence, it includes kinetic effects in the simplest form (Cramer2011),  ), but also decreases with the angle of propagation. Thus, the shell distribution generated by the outward shear Alfvén mode with k 0 will be unstable, and the mode will be converted into the KIAW mode with a small parallel wavenumber k
The third part of this process (required to fulfill wave energy/action and momentum conservation) can be selected from the standard selection rules for three-wave resonance, 
= 
It is easy to show that they can be satisfied using the expression (12a), which in the large k 2 limit corresponds to the standard KAW dispersion
, representing the mode propagating almost perpendicular to the external magnetic field. From (12a) and (12b) for k k
.
RESULTS AND DISCUSSION
The ratio of wave energy distributed into perpendicular scales (P^) with respect to parallel scales (P  ) can be estimated through a ratio of growth rates for the resonant ion-cyclotron instability of the KIAW mode (g^for perpendicular scales) and the shear Alfvén mode (g  for parallel scales), both taken using shell distribution of ions (assuming that both t 1 g < and t 1 g <  ). As both of these growth rates are proportional to the parallel component of correspondent wave phase velocities (v v x y A ph =  ), the simple estimate for the frequency dependence of this ratio can be constructed by solving (11b) and (12b) for k  (or y) and integrating the ratio of phase velocities over θ and 1 q angles: min q =  , the plot of P P  anisotropy ratio as a function of frequency shows excellent agreement with the Ulysses data in the inertial range (Figure 3(a) ).
An important difference of the kinetic turbulence picture presented in this Letter from the standard MHD paradigm is the direction of the nonlinear cascade. Although the kinetic modes typically have larger k^than the original oblique shear Alfvén Radial dependence of the frequency break observed in the ecliptic within the fast wind using Helios 2 (three data points between 0.3 and 1 AU) and Ulysses observations (two data points at 1.4 and 4.8 AU); the straight black line is the fitted power law R −1.52 (from Bavassano et al. 1982; Bruno & Carbone 2013) . The green line is the resonant frequency 1 res w plotted using the solution of (14) with the same parameters as above.
mode, both the frequencies and the parallel wavenumbers of those modes may be smaller, meaning that the wave energy will be cascaded forward to small scales in the perpendicular direction, but at the same time, an inverse energy cascade may be formed in the parallel direction and in frequency. In addition, although the original mode does not experience sufficiently strong dissipation in the solar wind plasma up to the scales of the ion-cyclotron resonance, the kinetic modes may potentially dissipate, even though they are inside the "dissipationless" inertial range, thus providing an additional low-frequency source of the solar wind heating. In this case, the low-frequency spectral break may instead be a manifestation of a dissipation range for one or both of the kinetic modes. As a quick consistency check for this hypothesis, we verify that the radial dependence of the low-frequency break may indeed be attributed to some of the dissipation properties of those modes, i.e., to Landau or cyclotron resonances.
Writing expressions for the cyclotron and Landau resonances of the KIAW mode with the core protons 
) and in the spiral magnetic field (4) and shows reasonable agreement with the radial dependence of the frequency break (Bavassano et al. 1982; Bruno & Carbone 2013) .
Assuming that the wave-wave process happens as fast as wave-particle shell formation, we can construct a balance between the waves:
We suppress frequency integration here for shortness, but it should be kept in mind that the three wave integration includes both the frequency ( ( ) (although the complete expression can be used in numerical integration; i.e., from Galeev & Oraevskii 1963; Lyubchyk & Voitenko 2014; Zhao et al. 2014) , it is easy to show that this provides the correct power-law dependence for wave spectral power. Splitting the power-law dependence of the wave action to the parallel and perpendicular parts: ^Assuming that the incident waves have a −1 exponent, this gives us 3 1 2 3 1; ( )  -+ =-hence, 5 3.  = -
CONCLUSIONS
In conclusion, we have presented an analysis of wave packet propagation in the curvilinear spiral coordinates system created from Parker's spiral magnetic field. Using a scale separation between the length scales of kinetic processes (i.e., waveparticle, ion-cyclotron interaction and wave-wave Alfvén wave decay on kinetic ion-acoustic and kinetic Alfvén modes) allowed us to interpret the solar wind turbulence as a series of single scattering resonant events occurring at different distances from the Sun that correspond to the frequencies of outward propagating Alfvén wave packets. This approach allowed to avoid most of the problems encountered by the incompressible MHD description of turbulence, but at the same time produced both the global and the local properties of the wave power spectra in close agreement with the observations. The numerical model based on the method is expected to be able to link remote-sensing imaging data of the Sun (e.g., from the Solar Dynamic Observatory) with in situ wave data and will be investigated separately.
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